Highly ordered Ti-Nb-Zr-O nanotube arrays were fabricated through pulse anodic oxidation of Ti-Nb-Zr alloy in 1 M NaH 2 PO 4 containing 0.5 wt% HF electrolytes. The effect of anodization parameters and Zr content on the microstructure and composition of Ti-Nb-Zr-O nanotubes was investigated using a scanning electron microscope equipped with energy dispersive X-ray analysis. It was found that length of the Ti-Nb-Zr-O nanotubes increased with increase of Zr contents. The diameter and the length of TiNb-Zr-O nanotubes could be controlled by pulse voltage. XRD analysis of Ti-Nb-Zr-O samples annealed at 500 ∘ C in air indicated that the (101) diffraction peaks shifted from 25.78 ∘ to 25.05 ∘ for annealed Ti-Nb-Zr-O samples with different Zr contents because of larger lattice parameter of Ti-Nb-Zr-O compared to that of undoped TiO 2 .
Introduction
Nanostructures of different metals or semiconductors have received much attention due to the wide application of these materials in photocatalysts, solar energy conversion, gas sensing, and biomedical applications [1] [2] [3] [4] . TiO 2 nanotubes have been widely investigated due to their excellent biomedical application and photocatalytic effect since 1972 [5] . However, TiO 2 can be only excited by UV light which only occupies 5% of the solar spectrum because of its wide band gap (3.2 eV). Therefore, many approaches were used to extend the spectral response of the titanium dioxide to the visible light region and impurity doping is one of the typical and effective approaches. Many metal elements (Fe, Mo, Cr, Nb, etc.) and nonmetal elements (B, C, N, S, and F) have been used to dope TiO 2 to broaden its application fields [6] [7] [8] . Zr and Nb doping could affect the optical absorption ability of TiO 2 oxide. Hirano et al. reported that the onset of absorption of TiO 2 shifted to longer wavelengths by Zr and Nb doping [9, 10] .
One-dimensional nanostructures have advantages over films and powder because the former can provide large surface-to-volume ratio and unidirectional electrical channel. Several research groups have reported the anodic formation of oxide nanostructures on the surfaces of titanium alloys to achieve good photocatalysts, solar energy conversion, gas sensing, and biomedical applications. Numerous methods have been reported for fabricating TiO 2 nanotubes including template-assisted process [11] , hydrothermal reaction [12] , seed growth [13] , and anodization methods [14] .
Anodic oxidation technique is relatively a simple method to fabricate one-dimensional nanotubes in comparison with other methods. Allam et al. reported the fabrication of TiPd mixed oxynitride nanotube arrays through anodization of Ti-Pd alloy [15] . Berger et al. reported on the fabrication of Ti-Al-O nanotubes through anodization of Ti-Al alloys [16] . Nb-and Zr-doped TiO 2 nanotubes were also investigated recently. Liu et al. fabricated Ti-Nb-O nanotubes on Ti35Nb alloy and found that Nb-doped TiO 2 nanostructures had excellent hydrogen sensing capability [17] . Allam et al. fabricated Ti-Nb-Zr-O nanotubes through anodization of Ti35Nb5Zr alloy for enhanced hydrogen generation by water photoelectrolysis [18] . Li et al. found that the Nband Zr-doped TiO 2 nanostructures showed good biological properties [19] .
To date, rare work has been reported on the effect of Zr content on the formation of Ti-Nb-Zr-O nanotubes. In the present work, we fabricated highly ordered Ti-Nb-Zr-O nanotube arrays on Ti-Nb-Zr alloy substrate with different Zr contents by pulse anodic oxidation. The effect of Zr content and anodization parameters on the microstructures of Ti-NbZr-O oxides was investigated. 
Experiment Section

Microstructural Characterization.
The structure morphology and composition of Ti-Nb-Zr-O samples were investigated using a scanning electron microscope (SEM; FEI SIRION 200, USA) equipped with energy dispersive X-ray analysis (EDXA; OXFORD INCA, USA). The as-anodized Ti-Nb-Zr-O samples grown on different Ti-Nb-Zr alloy substrates were annealed at 500 ∘ C in air. Phase structures of the as-annealed Ti-Nb-Zr-O samples were characterized with Xray diffraction (XRD, D/max 2550 V). For reference, undoped TiO 2 nanotubes were also fabricated through anodization of pure Ti substrate. Table 1 .
Results and Discussion
During the anodization process, many factors such as oxidation electrolyte, anodization voltage, and time could affect the formation of Ti-Nb-Zr-O nanotubes. There is a competition between the electrochemical oxide formation and chemical dissolution of oxide by fluoride ions. The nanotube growth could reach a steady state in which the formation rate at the bottom and dissolution rate at the top are equal [20] . The growth of Ti-Nb-Zr-O nanotubes remarkably depended on local electric field and solution diffusion rate and took place preferentially at some locations on the Ti-NbZr alloy substrate. The anodic formation mechanism of the Ti-Nb-Zr-O nanotubes can be represented as follows [21, 22] : the top. Meanwhile, oxidized metal species could react with O 2− ions to form a new oxide layer. When the formation rate of the nanotube bottom and the dissolution rate of the nanotube top are equivalent, the length of nanotube remains unchanged. For the Ti-Nb-Zr alloy an increase in anodization voltage could increase the nanotube length since the driving force for ionic transport through the barrier layer at the pore bottom could be enhanced, which will result in faster migration of cations and/or anions and thus movement of the Ti-Nb-Zr/Ti-Nb-Zr-O interface into the Ti-Nb-Zr alloy.
Our with higher Zr content than that with lower Zr content at the same potential [21, 23] . The dissolution rate of the asformed oxide layers by fluoride ion should be another factor in determining the length of the Ti-Nb-Zr-O nanotubes [24] . As shown above, the formation of Ti-Nb-Zr-O nanotubes with a high Zr content was easier than that with a low Zr content. EDS analyses of the as-anodized Ti-Nb-Zr-O samples with different Zr contents were carried out to investigate the composition of the Ti-Nb-Zr-O samples. As shown in Table 2 , each sample was mainly composed of Ti, Nb, Zr, and O elements. With the increase of Zr content of original alloys, contents of the Ti and Zr elements in the Ti-Nb-Zr-O oxide layer also changed correspondingly. The contents of Nb and Zr elements in the Ti-Nb-Zr-O samples were smaller than those of the original alloys. This phenomenon may be explained by considering the difference in the dissolution rate for different oxide systems since previous reports have shown that the nanotube formation on different pure metals had different chemical dissolution rates in the dilute HF electrolytes [25] .
The effect of pulse frequency on the formation of TiNb-Zr-O nanotubes was also investigated. Figure 4 shows SEM images of the Ti-Nb-Zr-O samples fabricated at 40 V with a constant frequency of 2000 Hz and duty cycle of 20% for 90 minutes on different Ti-Nb-Zr alloy substrates. As shown in Figure 4(a) , the top surface of the oxide layer had a lot of irregular nanoporous structures and high aligned nanotube arrays did not form due to a low electrical field. However, the nanotube structure grown on Ti35Nb10Zr alloy substrate became denser and more vertically oriented at the same condition. Furthermore, the nanotubes grown on Ti35Nb15Zr alloy substrate presented a much more regular, well-aligned nanotube array architecture. This proved that the Ti35Nb15Zr system was easier for nanotube growth than the Ti35Nb5Zr system did. XRD analyses were conducted to characterize the crystal structure of the as-annealed Ti-Nb-Zr-O oxides with different Zr contents. As shown in Figure 5 , diffraction peaks corresponding to the anatase TiO 2 phase in the as-annealed Ti-Nb-Zr-O samples could be found. The (101) 
Conclusions
In summary, anodic Ti-Nb-Zr-O nanotube arrays were grown on Ti-Nb-Zr alloy substrates in 1 M NaH 2 PO 4 containing 0.5 wt% HF electrolytes. The average length of the Ti-Nb-Zr-O nanotubes increased with increase of the Zr content. The anodic current for the Ti-Nb-Zr alloy with higher Zr content was larger than that with lower Zr content at the same anodization voltage. XRD analysis indicated that the Ti-Nb-Zr-O oxides annealed at 500 ∘ C were anatase phase. The diffraction peaks shifted to lower 2 values with increase of the Zr content because of the larger radius of Zr 4+ compared to that of Ti 4+ . The formation of Ti-Nb-Zr-O nanotubes for the system with a higher Zr content was relatively easier. 
